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Summary
GTP hydrolysis by small GTP binding proteins of the
Ras superfamily is a universal reaction that controls
multiple cellular regulations. Its enzymic mechanism
has been the subject of long-standing debates as to
the existence/identity of the general base and the
electronic nature of its transition state. Here we report
the high-resolution crystal structure of a small GTP
binding protein, Rab11, solved in complex with GDP
and Pi. Unexpectedly, a Pi oxygen and the GDP-
cleaved oxygen are located less than 2.5 Å apart, sug-
gesting that they share a proton, likely in the form of
a low-barrier hydrogen bond. This implies that the
-phosphate of GTP was protonated; hence, that GTP
acts as a general base. Furthermore, this interac-
tion should establish at, and stabilize, the transition
state. Altogether, we propose a revised model for the
GTPase reaction that should reconcile earlier models
into a unique substrate-assisted mechanism.
Introduction
Small GTP binding proteins of the Ras oncogene super-
family cycle between an active state bound to GTP and
an inactive state bound to GDP, which form the basis
for their ability to function as molecular switches in
multiple cellular regulations (reviewed in Takai et al.,
2001). The active form is turned off by the hydrolysis of
GTP, which occurs spontaneously at a very slow rate
or is stimulated by several orders of magnitude by
GTPase-activating proteins (GAPs). The GTPase mech-
anism has been intensively investigated over the years
(reviewed in Li and Zhang, 2004; Vetter and Witting-
hofer, 2001), mostly using p21Ras as a model—in par-
ticular because mutants in which the GTPase reaction
is disrupted are oncogenic (Der et al., 1986; Krengel et
al., 1990). This included notably crystallographic (re-
viewed in Vetter and Wittinghofer, 2001), biochemical
(Neal et al., 1990; Schweins et al., 1995), spectroscopic
(Allin and Gerwert, 2001; Cepus et al., 1998; Geyer et
al., 1996; Haller et al., 1997; Wang et al., 1998) and theo-
retical (Maegley et al., 1996; Schweins et al., 1996;
Shurki and Warshel, 2004) studies. Despite this con-
siderable amount of multidisciplinary effort, alternative
mechanisms are still being debated. While all models
agree that hydrolysis of GTP proceeds by in-line S 2N*Correspondence: cherfils@lebs.cnrs-gif.fr
2 Present address: Department of Experimental Oncology, Euro-
pean Institute of Oncology, Via Ripamonti 435, 20141 Milano, Italy.nucleophilic attack, with formation of a trigonal bipyra-
midal transition state (TS) leading to the inversion of
configuration of the γ-phosphate, the existence and
identity of a general base abstracting a proton from the
nucleophilic water molecule and the electronic nature
of the TS are still unresolved issues. We will refer here
to the convention by Herschlag and coworkers in which
dissociative TSs are defined as a continuum of mecha-
nisms which have an amount of partial bond at the
γ-phosphorus which is smaller than that in GTP, and
associative TSs as those in which, conversely, the βγ
bond is mostly maintained as the bond with the incom-
ing nucleophile is formed (Maegley et al., 1996).
Structural and mutagenesis studies have provided an
exceptional background for the investigation of the
GTPase reaction. The substrate-protein ground state
has been investigated in numerous crystal structures of
small G proteins bound to GTP or GTP analogs. They
notably identify a highly conserved coordination sphere
for the GTP γ-phosphate, which includes an invariant
lysine and a main chain amide from the phosphate
binding P loop, the switch 1 and 2 regions (which are
the structural sensors of the nature of the bound nucle-
otide), and the Mg2+ ion (reviewed in Vetter and Wit-
tinghofer, 2001). Insights into the TS of the GTPase re-
action came from structures of their complexes with
GAPs in the presence of GDP and fluoride TS analogs
(AlF4−, AlF3, and MgF3−). These structures showed that
GAPs provide residues that stabilize the TS, including
positively charged arginines interacting with the nega-
tive charges at the γ-phosphate (reviewed in Scheffzek
et al., 1998). A candidate nucleophilic water molecule
is tightly bound to the protein in a “precatalytic” confor-
mation in GTP or GTP analogs’ ground states and is
stabilized by a conserved glutamine (Gln61 in Ras) in
GAP bound TS complexes. This residue was for a time
regarded as a candidate general base because it in-
teracts with TS analogs and has an essential role for
both the intrinsic and GAP-stimulated GTPase reac-
tions (Der et al., 1986; Frech et al., 1994), but such a
role was eventually ruled out, notably because the esti-
mated pKas of its carbonyl side chain (−2) and the
nucleophilic water molecule (w14) do not match
(Maegley et al., 1996). In an alternative mechanism that
is now generally accepted, the GTP nucleotide itself
was proposed to act as the general base based on a
linear free energy relationship (LFER) (Fersht et al.,
1986) between the reaction rate of Ras mutants and the
pKa of the protein bound GTP (Schweins et al., 1995,
1996). A variation of this substrate-assisted model was
subsequently proposed from a crystallographic analy-
sis using photolysis of caged GTP followed by rapid
freezing, in which the proton is shuffled through an in-
termediate water molecule (Scheidig et al., 1999). How-
ever, no structure of ternary complexes with the prod-
ucts of the reaction could be trapped using this or other
crystallographic approaches.
Spectroscopic and theoretical studies elaborated on
these structural and biochemical studies to get insight
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534into the electronic nature of the GTPase reaction, and
notably as to whether the mechanism was associative
or dissociative (reviewed in Li and Zhang, 2004). The
observation that GAPs provide positive charges to the
TS initially supported an associative mechanism, as
these would neutralize partial negative charges that in-
crease at the γ-phosphate oxygens in an associative
TS, while they would decrease otherwise (Rittinger et
al., 1997; Scheffzek et al., 1997). However, both the as-
sociative mechanism and the existence of a general
base were challenged by Hershlag and coworkers
(Maegley et al., 1996). These authors argued that the
mechanism of phosphoryl transfer in the GTPase reac-
tion should be close to the nonenzymic mechanism
which is dissociative, with little advantage in having a
general base. In turn, they proposed that the TS is sta-
Fbilized by a hydrogen bond from the βγ-bridging oxygen
Tof GTP to a main chain amide from the protein P loop
c
(Gly13 in Ras), since a partial negative charge develops c
at this oxygen as breaking of its bond to the γ-phos- L
tphorus proceeds. Although not unique to the dissocia-
tive mechanism, the contribution of this hydrogen bond
is expected to be all the stronger, as the TS is more
mdissociative. Systematic mutations at this position in
rRab5 (Ala30) supported such a catalytic role since only
the mutation to Pro, which cannot form this hydrogen
Rbond, had a marked effect on the GTPase activity (Li-
ang et al., 2000). Further support for a dissociative
Smechanism has been provided more recently by Fourier
Ttransform infrared (FTIR) spectroscopy, which mea-
msures vibrational frequencies determined by force con-
ustants in chemical bonds. Notably, FTIR difference
espectroscopy between free and Ras bound GTP
m
showed that the ground state has a marked GDP char-
t
acter at the nonbridging β-phosphate oxygens, sug-
t
gesting that negative charges are shifted to the β-phos-
i
phate and contribute to weakening the bridging P-O t
bond in the ground state (Cepus et al., 1998; Du et al., e
2000). Comparison of FTIR phosphate vibrations from w
p21ras mutants also showed that mutants bind the 2
nonbridging β-phosphate oxygens all the more strongly, m
as they have a higher GTPase activity, in favor of a dis- f
sociative-like mechanism with stabilization of negative R
charges at the β-phosphate (Du et al., 2000). Likewise, a
Raman and infrared spectroscopy studies also failed to 2
observe protonation of the bound GTP (Cheng et al., d
2001; Wang et al., 1998). The absence of 18O positional f
isotope exchange between the nonbridging β- and βγ- f
oxygens, however, excluded that a discrete metaphos- o
phate species is formed at the TS that would signal a d
fully dissociative mechanism (Du et al., 2000). f
Here, the intrinsic GTPase reaction was investigated f
using as a model Rab11, a small G protein involved r
in membrane traffic at late and recycling endosomes a
(reviewed in Prekeris, 2003). Using a mutant with re- t
duced intrinsic GTPase, we were able to achieve the t
conversion of GTP into GDP and inorganic phosphate f
(Pi) taking place in the crystal. The Rab11-GDP-Pi R
structure provides the first structural evidence of pro- 1
ton shuttle to the γ-phosphate and identifies the result- R
iing protonated oxygen as a catalytic component thatay stabilize the TS and the products of the GTPase
eaction.
esults and Discussion
tructure of Rab11-GDP-Pi
he mutation of the conserved glutamine in the DTAGQ
otif, which impairs the spontaneous and GAP-stim-
lated GTPase reaction in many small G proteins (Frech
t al., 1994), appears to have less drastic effects in
embers of the Rab subfamily. In the case of Rab11,
he mutation of Gln70 to Leu has been shown to slow
he intrinsic GTPase activity without fully compromis-
ng the GTPase machinery, as shown by the fact that
he Gln70Leu mutant retains sensitivity to GAPs (Wang
t al., 2000) and has an essentially wild-type phenotype
hen overexpressed in cultured cells (Pasqualato et al.,
004). Taking advantage of the characteristics of this
utation, crystals of Rab11-GDP-Pi could be obtained
rom GTP hydrolysis taking place in the crystal. The
ab11-GDP-Pi structure was solved at 1.7 Å resolution
nd refined to R factor and free R factor values of
0.1% and 22.9%, respectively. GDP and Pi have well-
efined electron density and refine with very low B
actors and full occupancy, indicating that GTP was
ully hydrolyzed in the crystal (Figure 1). The accuracy
f the GDP and Pi coordinates was estimated from the
istribution of root-mean-square atomic error as a
unction of the isotropic atomic Uiso value calculated by
ull-matrix least-square refinement for case structures
efined at 1.45 Å and 2.1 Å (Tickle et al., 1998). This
nalysis demonstrated how coordinate standard devia-
ions decrease with temperature factors and showed
hat errors were 0.05 Å or less for atoms in the low B
actor range, while average errors estimated by Luzzati/
ead methods were 0.16/0.12 Å and 0.21/0.16 Å for the
.45 Å and 2.1 Å refined structures, respectively. In
ab11-GDP-Pi, the overall mean B factor is 24 Å2, while
ndividual B values at the Pi and GDP β-phosphateigure 1. The Rab11-GDP-Pi Structure
he electron density for GDP, Pi, Mg2+, and the water sphere is
alculated from a Fo-Fc omit map contoured at 3.3 σ. Water mole-
ules are in red. Hydrogen bonds are in black dotted lines, the
BHB between OβγGDP and the outermost OPi oxygen in red dot-
ed line.
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535atoms are in the 11–14 Å2 range and are the lowest of
the entire refined structure. Average coordinate errors
estimated by the Luzzati and Read methods are 0.20 Å
and 0.12 Å respectively, similar to those in Tickle et al.
(1998). Thus, the atomic coordinates error at the GDP
and Pi moieties can be estimated to be 0.05 Å at most,
which should support accurate analysis of their interac-
tions.
The Pi moiety is tightly bound to the small G protein
and retains the classical coordination sphere of the
GTP γ-phosphate found in p21ras and other small G
proteins (reviewed in Vetter and Wittinghofer, 2001), in-
cluding the P loop, switch 1 and switch 2, and Mg2+ ion.
No additional interactions are provided by Rab-specific
serines located in the P loop or switch 1 (Ser20 and
Ser42 in Rab11), although such interactions were pre-
viously observed in other GTP bound Rab structures
such as Rab3 (Dumas et al., 1999; Ostermeier and
Brunger, 1999) and Rab5 (Merithew et al., 2001). Ser42
in the switch 1 is, however, in a position to establish a
hydrogen bond with a Pi oxygen, provided it uses a
different side chain rotamer. The Pi oxygen expected to
come from the attacking water molecule interacts with
a water molecule but makes no contact with the pro-
tein. Modeling wild-type Gln70 from the Leu70 mutation
and overlaying with GAP complexes (see below) sug-
gests, however, that an additional Gln70-Pi hydrogen
bond could potentially be formed, which may be mim-
icked by this water molecule in the Rab11 mutant (Fig-
ure 2B). There are no crystalline contacts that would
further stabilize Pi, suggesting that crystal packing may
have contributed to trapping the GDP-Pi intermediate
by stabilizing a conformation of the switch regions that
does not allow Pi to escape, but not by artifactual in-
teractions with the reaction products.
The Rab11-GDP-Pi structure shows no significant
conformational changes compared to Rab11-GTPγS in
either the protein or the GDP nucleotide except for a
slight displacement at the switch 2 that accommodates
the inorganic phosphate. The equatorial Pi oxygens are
positioned with clear correspondence to those of the
γ-phosphate of GTPγS (referred to as GTP below), visu-
alizing the inverted configuration that is postulated
from the SN2 mechanism (Figure 2A). Hydrogen bonds
and charged interactions of the GTP γ-phosphate oxy-
gens are conserved by Pi, suggesting that they are
maintained throughout the hydrolysis reaction and that
no apical rotation has occurred. Upon cleavage of the
βγ bond, the distance between the βγ-bridging oxygen
and the γ-phosphorus increases from 1.63 Å in GTP to
3.3 Å in GDP-Pi. This increase reflects both the dis-
placement of the γ-phosphorus by 0.90 Å due to its in-
version of configuration and a small movement of the
β-phosphate oxygens (Figure 2A). The OβγGDP-PPi-OPi
angle (with OβγGDP corresponding to the GDP β-phos-
phate oxygen resulting from the cleaved GTP bond and
OPi corresponding to the incoming water molecule in
Pi) deviates by 33° from the linearity of the SN2 nucleo-
philic attack, which appears to be mostly due to a small
pivoting movement of Pi relative to the γ-phosphate
(Figure 2A).Figure 2. Snapshots at the GTPase Reaction
Orientation and color coding are as in Figure 1.
(A) Superposition of Rab11-GTPγS (nucleotide in gray) and Rab11-
GDP-Pi (nucleotide and water molecule in black). The protein struc-
ture and hydrogen bonds are from the Rab11-GTPγS complex.
Note the inversion of configuration of Pi, the absence of apical ro-
tation between the γ-phosphate and Pi oxygens, and the conserva-
tion of protein-nucleotide hydrogen bonds.
(B) Superposition of representative structures for the ground state
(Rab11-GTPγS, PDB code 1OIW, nucleotide in gray), TS state
(cdc42-GDP-AlF3/GAP complex, PDB code 1GRN, nucleotide in
purple) and products ternary complex (Rab11-GDP-Pi). The protein
structure and hydrogen bonds are from the TS complex. The super-
position is done on invariant residues in the protein-nucleotide
binding site. The approximate bipyramidal configuration of the TS
is shown by the purple dotted line. Note that protein-nucleotide
hydrogen bonds are the same in the TS as in Rab11-GTPγS (Figure
2A) and Rab11-GDP-Pi (Figure 1). Overlay of Gln61 from the cdc42
TS to the Leu70 mutation in the Rab11-GDP-Pi structure suggests
that Gln70 has the potential to form additional hydrogen bonds
to Pi in wild-type Rab11 similar to those with AlF3 and the apical
water molecule.Snapshots at the Intrinsic GTPase
Reaction Pathway
Assuming that the TS is conserved in small G proteins
and is the same in the intrinsic and GAP-stimulated hy-
drolysis, the Rab11-GTP and Rab11-GDP-Pi structures
were compared to complexes of small G proteins with
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536GDP and either AlF3 or MgF3− TS analogs in the pres- h
tence of their respective GAPs (Graham et al., 2002; Rit-
Ltinger et al., 1997; Scheffzek et al., 1997) (Figure 2B).
tRemarkably, the Al or Mg atoms in the TS analogs are
colinear with, and located midway at about 0.45 Å from,
ithe γ-phosphate and Pi phosphorus, and there is no
iapical rotation between the γ-phosphate oxygens, TS
sfluorines, and Pi oxygens. The presumed phosphorane
aTS in the very high-resolution structure of β-phospho-
iglucomutase (Lahiri et al., 2003) can also be modeled
(at the same intermediate location (although the bound
mcompound may in fact be MgF3− as reported for a
Lcdc42/cdc42-GAP complex [Blackburn et al., 2003]).
tThe incoming oxygen in TS analogs and Pi is separated
dby only 0.6 Å, in agreement with its position in the TS
Panalogs reflecting the geometry of the actual TS. Alto-
agether, the remarkable consistency between the geom-
eetry of Rab11-GTP, models of TS, and our Rab11-GDP-
tPi structure suggests that the Rab11-GDP-Pi has been
vtrapped immediately following cleavage of the βγ bond
tand that this ensemble of structures can be envisioned
sas snapshots at the GTPase reaction pathway. The only
oother examples of product ternary complexes of the
rGTPase reaction were obtained for the Gly42Val (Raw
bet al., 1997) and Gly203Ala (Berghuis et al., 1996) mu-
atants of the Giα subunit of related heterotrimeric G pro-
wteins. In these structures, however, the distance be-
ptween the Pβ and Pi phosphorus has increased from
e4.0 Å in Rab11-GDP-Pi to 4.6 Å, suggesting that protein
hisomerization, possibly necessary for Pi release, may
ohave taken place in these structures, and/or that Pi in
Athe complex arose from binding to Giα-GDP rather than
afrom hydrolysis of GTP.
b
bA Catalytic Low-Barrier Hydrogen Bond
ubetween GDP and Pi
p
A remarkable feature of the Rab11-GDP-Pi structure is
w
that Pi establishes an interaction with the GDP leaving
p
group which had not been anticipated from any previ- p
ous study. This interaction involves the cleaved β-phos- c
phate oxygen of GDP (corresponding to the βγ-bridging t
oxygen of GTP) and the outermost equatorial Pi oxygen R
(which forms no interactions in the Rab11-GTP ground t
state [Pasqualato et al., 2004]). These two oxygens are (
separated by 2.44 Å, a short distance that would yield t
strong electrostatic repulsion unless the two oxygens
interact through a hydrogen bond. Given the small esti- s
mated coordinate error for these atoms (see above), a
their distance is expected to lie between 2.4 and 2.5 Å, f
suggesting that the hydrogen bond may even be a low- p
barrier hydrogen bond (LBHB), a largely covalent type l
of hydrogen bond where the hydrogen is distributed t
with its average position at the center, and which is e
often involved in enzymatic reactions (Figure 1) (Cleland t
et al., 1998; Gerlt and Gassman, 1993; Schiott et al., u
1998; Schutz and Warshel, 2004). The occurrence of a m
LBHB between GDP and Pi is further supported by the p
value of about 103° for the PβGDP-OβγGDP…OPi and c
OβγGDP…OPi-PPi angles, which is unusual for a normal p
hydrogen bond but fits remarkably well with the stereo- p
chemistry of benzoylacetone, a model compound con- h
taining an established LBHB (Schiott et al., 1998). We s
lwill therefore refer to the hydrogen bond as a LBHBereafter, bearing in mind that the formal demonstra-
ion of whether the GDP-Pi hydrogen bond is of the
BHB type must await other experimental approaches
hat are beyond the scope of this study.
A major consequence of the presence of the LBHB
s that it implies that the γ-phosphate is protonated dur-
ng the hydrolysis reaction, thus providing the first
tructural evidence that the γ-phosphate of GTP acts
s a general base to abstract a proton from the attack-
ng water molecule to yield the nucleophilic hydroxyl
Schweins et al., 1995, 1996). Furthermore, the involve-
ent of the cleaved GDP oxygen in establishing the
BHB may also reveal an unsuspected contribution of
he transferred proton to the stabilization of the TS me-
iated by the βγ-bridging oxygen of the GTP substrate.
artial charges are expected to develop at this oxygen
s cleavage of the bond proceeds regardless of the
lectronic mechanism, and to be all the stronger in that
he reaction is more dissociative. Hydrogen bonds in-
olving this atom were therefore proposed to contribute
o stabilizing the TS even if already present in the sub-
trate (Maegley et al., 1996). We propose that the LBHB
bserved in Rab11-GDP-Pi may establish at the TS and
epresent a substrate-assisted contribution to the sta-
ilization of the TS through partial charge development
t the bridging oxygen. Such a catalytic hydrogen bond
ithin the substrate is not unprecedented in phos-
hate-transfer reactions involving nucleotides, as ex-
mplified by nucleoside diphosphate kinase, where a
ydrogen bond was identified between the βγ-bridging
xygen and a ribose hydroxyl in its TS complex with
DP and AlF3 (Xu et al., 1997). Because the LBHB has
partially covalent nature, we suspect that it may have
een previously detected in Ras by FTIR as a strongly
ound phosphorylation-like Pi intermediate with un-
sually upshifted frequencies typical of those seen for
hosphorylated enzyme intermediates (Allin and Ger-
ert, 2001). A straightforward advantage for small G
roteins in forming a catalytic LBHB could be to allow
roton shuttle to take place in the constrained stereo-
hemistry of GTP or GDP-Pi. This is in agreement with
he observation by Raman difference spectroscopy that
as forces the GTP nucleotide in a specific conforma-
ion different from that which it adopts in solution
Cepus et al., 1998), possibly allowing for this elec-
ronic setup.
Altogether, we propose that the GTP nucleotide as-
ists the GTPase reaction by a dual contribution: it acts
s a general base and uses the abstracted proton to
orm a LBHB that lowers the energy of the TS and the
roducts (schematized in Figure 3). The partially cova-
ent nature of the LBHB and its identification between
he reaction products may indicate that the proton is
ventually shuttled to the GDP leaving group, a situa-
ion that was proposed by quantum mechanical/molec-
lar mechanical calculations for diester hydrolysis on
odel compounds (Lopez et al., 2002; A. Dejaegere,
ersonal communication). Given the conservation of
onformations and interactions discussed above, we
ropose that this substrate-assisted mechanism ap-
lies to small G proteins in general. In support of this
ypothesis, GDP-Pi with similar geometry has been ob-
erved in a mixed GTP/GDP-Pi occupancy in the re-
ated small G protein Arl3 (Hillig et al., 2000), and more
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537Figure 3. The Substrate-Assisted GTPase Mechanism Revisited
(Top) In-line nucleophilic attack of GTP by an incoming water mole-
cule. The proton is transferred to the γ-phosphate acting as the
general base (bottom arrow), activating the water molecule for SN2
attack (top arrow).
(Middle) The bipyramidal TS, with partial breaking of the bond be-
tween the βγ-bridging oxygen and the γ-phosphorus, and formation
of the bond between the γ-phosphorus and the incoming water
molecule (large dotted lines). The transferred proton mediates a
LBHB between an oxygen of the γ-phosphate and the βγ-bridging
oxygen (small dotted lines). The LBHB becomes stronger as the
partial negative charge on the βγ-bridging oxygen increases upon
breaking of its bond with the γ-phosphorus, and thus contributes
to stabilizing the TS.
(Bottom) The GDP-Pi product. The LBHB drives the reaction to-
ward product formation, and may eventually be shuttled to the GDP
leaving group.recently in a medium-resolution structure of Ras-GDP-
Pi bound to a nucleotide-free Ras/SOS complex (Son-
dermann et al., 2004). Furthermore, this latter structure
was obtained with wild-type Ras, indicating that the
GDP-Pi conformation in Rab11 is likely independent of
the Gln70Leu mutation, thus supporting our analysis of
the mutant as a model for the reaction in wild-type
Rab11. Altogether, our model may thus reconcile the
conflicting views that the intrinsic GTPase reaction
uses a general base mechanism to increase the nucleo-
philicity of the attacking water molecule as well as sta-
bilizes negative charge buildup at the cleaved oxygen
to stabilize the TS. Our series of Rab11 structures may
now allow theoretical chemistry calculations to gain
further insight into the GTPase mechanism (reviewed in
Garcia-Viloca et al., 2004; Warshel, 2003).
A Built-In Inhibitory Water Molecule
in the Ground State
With essential catalytic contributors present in the sub-
strate, why is the spontaneous GTPase of small GTP
binding proteins so inefficient? Besides the acknowl-
edged role of flexibility in preventing the proper posi-tioning of catalytic protein groups, we propose a re-
vised role for the extremely well-conserved water
molecule that binds tightly (three hydrogen bonds on
average) to the switch 1 and 2 regions next to the
γ-phosphate of GTP and is currently regarded as the
precatalytic nucleophile (Figure 4). We argue that there
is no advantage in poising the attacking water molecule
for catalysis, since solvent molecules can diffuse easily.
On the contrary, this water molecule would be well
suited to act as a built-in inhibitor of the GTPase reac-
tion, as it would prevent an incoming water molecule
from forming a TS complex both geometrically, as it
would be in steric conflict, and chemically, as it is en-
gaged in a network of hydrogen bonds (Figure 4). We
thus speculate that this water molecule would be better
described as “anticatalytic” than as precatalytic (as
discussed for small G proteins of the Arf family in
Pasqualato et al., 2001). Interestingly, it is not bound in
the Rab11-GTP structure, which may explain why hy-
drolysis could proceed in the crystal. As a conse-
quence, departure of this water molecule or its dis-
placement from its inhibitory position should be critical
to yield the GTPase-competent small G protein config-
uration, possibly corresponding to the isomerization of
Ras-GTP that is known to precede the GTPase reaction
(Antonny et al., 1991; Geyer et al., 1996; Neal et al.,Figure 4. A Conserved, Tightly Bound “Anticatalytic” Water Mole-
cule in the GTPase Ground State
Superposition of a representative TS state (cdc42-GDP-AlF3/GAP
complex, PDB code 1GRN, 2.1 Å) to high-resolution structures of
unbound ground states (Ras-GMPPnP, PDB code 5P21, 1.35 Å;
Rab5a-GMPPnP, PDB code 1R2Q, 1.05 Å; Rac1-GMPPnP, PDB
code 1MH1, 1.35 Å) and effector bound ground states (Cdc42-
GMPPnP/Par6, PDB code 1NF3, 2.10 Å; Rap-GMPPnP/RAFRBD,
PDB code 1C1Y, 1.90 Å; Arf1-GTP/GGA1GAT, PDB code 1J2J, 1.60 Å).
For clarity, protein atoms are shown only for Arf1-GTP/GGA1GAT,
and nucleotides for Arf1-GTP/GGA1GAT (gray) and cdc42-GDP-
AlF3-GAP (pink). The proposed anticatalytic molecule is shown in
blue for Arf1-GTP/GGA1GAT and light blue for the other ground
states. Conserved interactions of this water molecule are shown in
blue dotted lines for Arf1-GTP/GGA1GAT. Note the steric conflict
with the incoming water molecule in the TS state. Superpositions
are done on invariant active-site residues. Color coding is as in
Figure 1, and orientation is similar.
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538cTable 1. Crystallographic Data
p
Data Collection Statistics u
Resolution limits (Å) 30−1.70 l
Space group I422 c
Unit cell parameters g
a = b (Å) 74.0 s
c (Å) 124.9
a = b = g (°) 90 E
Reflections
Measured 356,479
H
Unique 19,373
a
Completeness (%) 99.1
t
Rsymm (%)a 4.6 w
I/s 13.2
h
Structure Refinement N
5Resolution limits (Å) 30−1.70
sReflections for Rcryst/Rfree 17,753/1,620
fRcryst/Rfree (%)b 20.1/22.9
lRmsd bond length (Å) 0.020
iRmsd angles (°) 2.1
pAverage B-factors (Å2)
eProtein atoms 23.6
tGDP and Pi 15.7
v
a Rsymm = 100 × SI¯ <I>/SI, I is the observed intensity and <I> is the r
average intensity calculated from multiple observations of sym- w
metry related reflections. C
b Rcryst = 100 × S|Fo – Fc|/Shkl|Fo|, where Fo and Fc are observed w
and calculated amplitudes, respectively. Rfree is an Rcryst calculated B
using a subset of reflections (5%), chosen randomly, kept constant
and omitted from all subsequent structure refinement steps.
AW
1990). A possible contribution of GAPs in this context G
scould therefore be in aiding the conformational changes
lthat are required for the departure/displacement of the
banticatalytic water molecule. On the other hand, effec-
ctors usually stabilize the switch regions as GAPs do A
(Biou and Cherfils, 2004), but they do not stimulate, and J
they sometimes even slow, the GTPase reaction. Inter- A
estingly, effector bound small G proteins usually feature
the anticatalytic water molecule, opening the possibility R
Rthat effectors may be prevented from having a GAP ac-
Ativity by combining an inappropriate positioning of the
Pcatalytic Gln with their inability to displace/reposition
this water molecule. R
AConclusion
sThe high-resolution Rab11-GDP-Pi crystal structure
v
shows for the first time a small G protein bound to the t
GTPase reaction products, visualizing the postulated A
inversion of configuration at the Pi product. Together d
with the structure of Rab11-GTP and complexes of s
Bsmall G proteins with GAPs and TS analogs as models
Bfor the intrinsic reaction TS, this structure allowed us to
(reconstitute snapshots at the intrinsic GTPase reaction.
aThe observation of a likely LBHB between GDP and Pi
hsuggests that a proton from the attacking water mole-
Bcule is shuttled to the γ-phosphate, and possibly to the
s
GDP leaving group in a second step. Thus, this pro- 6
vides evidence that GTP acts as a general base as pre- B
dicted earlier, but also suggests a previously unappre- (
ciated contribution of the transferred proton to the o
stabilization of the TS of the reaction. That small G pro- B
Gteins have inefficient GTPase rates despite essentialatalytic components present in the substrate is further
roposed to result from a built-in inhibitory mechanism
sing a tightly bound water molecule that hinders in-
ine SN2 attack. Since the features discussed here are
ommon to other small GTP binding proteins under-
oing intrinsic GTPase, they may therefore share the
ame substrate-assisted mechanism.
xperimental Procedures
uman Rab11a, truncated of the variable 43 C-terminal residues
nd carrying the Gln70Leu mutation (referred to as Rab11 hereaf-
er) was overexpressed in E. coli and purified as described else-
here (Pasqualato et al., 2004). Crystals grew within 5–10 days in
anging drops equilibrated with 1.1–1.5 M NaCl, 150–200 mM
aH2PO4, 150–200 mM KH2PO4, and 100 mM Na-MES (pH 6.5) with
mM GTP. They were left unattended for several weeks before
tabilization in the reservoir solution supplied with 22% xylitol and
lash freezing in liquid ethane. Diffraction data collected at beam-
ine ID14 at the ESRF synchrotron showed that these crystals were
somorphous to those of Rab11-GTPγS (space group I422, cell
arameters a = b = 74.0 Å, c = 124.9 Å, α = β = γ = 90°) (Pasqualato
t al., 2004). The structure of Rab11-GTPγS refined at 2 Å was used
o calculate Fourier difference maps excluding the nucleotide, re-
ealing that the bound species were GDP and Pi. The structure was
efined with CNS (Brunger et al., 1998) and REFMAC (CCP4, 1994)
ith R values of 20.1% (free R value 22.9%) at 1.7 Å resolution.
rystallographic statistics are given in Table 1. Figures were drawn
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